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Heat stress is a common and, therefore, an important environmental impact on cells and organisms.
While much attention has been paid to severe heat stress, moderate temperature elevations are also
important. Here we discuss temperature sensing and how responses to heat stress are not necessar-
ily dependent on denatured proteins. Indeed, it is clear that membrane lipids have a pivotal func-
tion. Details of membrane lipid changes and the associated production of signalling metabolites
are described and suggestions made as to how the interconnected signalling network could be mod-
iﬁed for helpful intervention in disease.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Hans Selye, the pioneer of stress research, pointed out in 1936,
that the reactions that help the organisms to adapt to stressful con-
ditions generally follow a programmed series of events [1]. With
his words ‘‘the adaptability and resistance to stress are fundamen-
tal prerequisites for life’’ [2].
When cells suffer from life threatening insults, most of the inju-
ries are not stressor-speciﬁc and cellular defence mechanisms are
activated by monitoring DNA, protein and membrane (lipid) dam-
age [3]. In addition, cells can quantify stress and, when the re-
sources are not sufﬁcient to restore the proper cellular functions,
the loss can be minimized by activating apoptotic processes. Other
cellular responses directed at re-establishing homeostasis are
stressor-speciﬁc and activated in parallel to the general cellular
stress response. In contrast to harmful stimuli, moderate stress
does not cause apparent damage in the macromolecular structures
but may alter the cellular homeostasis to a suboptimal state. Cells
and organisms have evolved a set of adaptive responses in order to
restore their optimal function under the altered environmental
conditions. The multistep adaptive processes are often transient
and they are terminated when a new homeostatic balance is
achieved. The damage-reducing and homeostatic stress responsesactivated by harsh and mild stimuli, respectively, comprise par-
tially overlapping, but not identical elements of sensing, signalling
and execution.
It is now well understood that several essential cellular activi-
ties depend on proper membrane function. Indeed, the role of
membrane lipid composition and membrane lipid dynamics in
stress response has received signiﬁcant attention for over a decade
[4]; since then several reviews have been dedicated to this topic
[3,5–13]. Due to their unique molecular assembly, membranes rep-
resent the most thermally-sensitive macromolecular structures.
Moreover, environmental (stress) factors activate lipid metabolic
enzymes and their downstream targets that constitute a complex
lipid signalling network with multiple focal points of interactions
and cross-talk through their lipid mediators. Here, we review the
advances in our understanding of membrane control of stress sens-
ing and signalling, with emphasis on the heat shock response (HSR)
in eukaryotes, especially mammals.
2. Overview of heat shock response
The HSR is one of the most important and extensively studied of
cellular stress responses. It can be initiated by a large list of ‘‘stress-
ors’’ that includes various acute and chronic conditions such as
abrupt temperature changes, heavy metals, small molecule chem-
ical toxicants, infection, and oxidative stress. The cross-tolerance
(increased tolerance of one stress after preconditioning by another)
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tolerance in yeast, heat and ischemia in mammals, heat and UV in
plants, etc. [3]) indicating a functional overlap of the protective
apparatus. Cells need ‘‘instruments’’ for perceiving the possibly
stressful environmental or physiological changes in order to be
able to transform the relevant physical (or chemical) parameters
into a set of signals controlling enzyme activities, gene transcrip-
tion, translation and posttranslational modiﬁcations. The common
stress-induced mechanisms include the activations of heat shock
proteins (Hsps), small molecule defence reactions (e.g. trehalose
synthesis), and oxidative defence system, as well as metabolism
regulation, membrane-lipid reorganisation, cytoskeletal rearrange-
ment, and proliferation control. Supporting this, transcriptome
proﬁling of the stress response elicited by various stressors in sev-
eral organisms (e.g. bacteria, yeast, plants and mammalian sys-
tems) highlighted a broad reshaping of the mRNA landscape with
generally more than a thousand of genes being up or downregu-
lated [14–16]. A recent meta-analysis of heat-upregulated genes
of human and plant systems revealed that ten times more non-
chaperon genes were induced by heat stress compared to the chap-
eron genes. Among the chaperon genes while about 70% remained
uninduced, around 16–20% showed a large (greater than 20-fold)
induction [15,16].
In order to understand such complexity the data can be orga-
nized into network models analyzing the interconnections be-
tween modules with speciﬁc functions. As an example, the
protein–protein interaction network (interactome) of unstressed
yeast had a globally connected organization, while during heatFig. 1. Membrane-controlled signal pathways in HSR. Akt, protein kinase B; CaMKII, calc
diacylglycerol lipase; DAG, diacylglycerol; GFRs, growth factor receptors; IP3, inositol tris
PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol-4,5-biphosphate; PIP3, phos
PLC, phospholipase C; PTEN, phosphatase and tensin homologue protein; Rac1, Ra
sphingomyelin; SMase, sphingomyelinase; SPC, sphingosyl phosphorylcholine. The ﬁgurstress (HS) the cells displayed a partial uncoupling of the interac-
tome modules, i.e. they developed a decreased integrity by forming
a generally less intensive, ‘resource-sparing’ state. Those proteins
which had been major integrators of the non-stressed yeast inter-
actome (such as proteins of the ribosome or ribosome synthesis)
lost their integrating function. On the other hand, a few selected
inter-modular proteins helped the integration of the partially
uncoupled interactome with multifocal organization of heat-
stressed yeast cells. These key proteins, namely chaperones, pro-
teins of stress signalling and other Hsps involved in cell survival,
are able to redirect yeast (e.g. carbohydrate) metabolism in stress
conditions [17–19].
The stress-dependent expression of heat-induced chaperon
genes is regulated mostly by heat shock factors (HSFs) in yeast,
plants and mammalians, as well. The activation of these genes is
strongly dependent on the post-translational modiﬁcations (phos-
phorylation, acetylation) of HSFs. In mammalian cells all the three
major mitogen-activated protein kinases (MAPK), the extracellular
signal-regulated kinase (ERK), c-jun N-terminal kinase (JNK) and
p38, as well as protein kinases A, B (PKB/Akt) and C (PKC), Rac1,
and CaMKII (for abbreviations see Fig. 1) participate in the phos-
phorylation of their downstream serine targets on HSF1. However,
the differential expression of certain Hsps under various stress
conditions is a well-documented phenomenon that suggests the
participation of other factors in the initiation of heat-induced
chaperone gene expression. It is expected that, on the top of the
regulatory network, several sensory devices monitor the environ-
mental alterations. While diverse stimuli may interact with variousium/calmodulin-dependent protein kinase II; Cer, ceramide; Chol, cholesterol; DGL,
phosphate; MGL, monoacylglycerol lipase; MAPK, mitogen-activated protein kinase;
phatidylinositol-3,4,5-triphosphate; PKC, protein kinase C; PLA2, phospholipase A2;
s-related C3 botulinum toxin substrate 1; S1P, sphingosine-1-phosphate; SM,
e is not intended to show the exact localisation of all components.
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(e.g. temperature) can be measured by several parallel sensors.
This multiplicative sensing may ﬁne-tune the response through
different signal pathways and provides an extra robustness to the
system, which is crucial, being a matter of life and death.
3. Sensors of absolute temperature (T) – proteins and RNA
Temperature may be sensed by thermotropic changes in macro-
molecular structures, like transitions in the phase state and micro-
domain organization of membrane lipids or conformational
changes of proteins or RNA.
The importance of heat-induced chaperons in refolding the mis-
folded proteins and protecting them against protein aggregation
was recognised 30 years ago, and the denatured protein sensor
hypothesis [20] was formulated ﬁrst. Upon exposure to stress,
the Hsps are sequestered to denatured (cytosolic) proteins and
HSF is released from the chaperone complexes to induce transcrip-
tion of genes encoding additional Hsps. At mild temperature stress
this model requires some extremely heat-sensitive, denaturation-
prone proteins which have not been identiﬁed so far.
Protein stability and temperature-induced structural transitions
are usually thought to be limited to the stability of the native state
against denaturation. However, the native state may include differ-
ent functionally relevant non-denaturing conformations and,
therefore, different stabilities of the resting and active states
[21]. Transitions between these states separated by an energy bar-
rier may take place in the cell in response to external stimuli that
makes these cytosolic proteins suitable to act as absolute temper-
ature sensors (see details and further discussion in [21]). However,
to our knowledge, no direct link between HSR and the non-
denaturing conformational changes of the cytosolic proteins was
provided. In contrast, this feature has a distinguished importance
for membrane proteins, where the conformational changes
are modulated by the ‘‘solvent effect’’ of membrane lipids.
Consequently, they might be suited for perceiving relative (and
often mild) temperature changes (see later for details).
RNA molecules have a strong potential as temperaturesensors
[21] due to their ability to form secondary and tertiary structures
[22] and intermolecular RNA–RNA hybrids [23] via complementary
base pairing. Because the melting temperature of these double
stranded RNA regions is basically deﬁned by the nucleotide
sequence, theoretically any absolute temperature can be sensed by
a series of ‘‘well-designed’’ speciﬁc RNAs. Moreover, the heat-
inducedmelting of a given RNA does not harm any cellular function.
Interestingly, only a few bacterial examples have been described
previously [24–26]. Recently it was proposed that a protein–RNA
complex, the translation elongation factor eEF1A and a novel
non-coding RNA, HSR1, act in tandem to activate HSF during HS in
mammalian cells [27]. It was shown that the two major physiologi-
cal perturbationsof severeHS in the cell, translational shutdownand
cytoskeleton collapse, might cause the release of eEF1A, which then
becomes available for interactionwithHSR1 andHSF1 to initiate the
Hsp response [27,28]. However, the involvement of RNAs inmoder-
ate stress sensing remains to be elucidated.4. Relative temperature (DT) sensors
Poikilothermic organisms are able to compensate for tempera-
ture ﬂuctuation-induced cellular disturbances through physiologi-
cal and biochemical mechanisms of homeoviscous adaptation by
adjusting their membrane lipid composition to maintain ﬂuidity.
Therefore, these organisms should perceive a shift relative to their
current environmental temperature (DT) in order to initiate
adaptation. Membrane lipids, on their own, lack catalytic ability.However, the activity of several integral or transiently mem-
brane-associated proteins participating in heat sensing and signal-
ling are controlled by the membrane lipid physical state (several
examples are given in [6]).
4.1. Relative cold sensors
Lowering the ambient temperature of poikilotherms is likely to
cause an increase in membrane lipid order. Because of the mixture
of lipid classes and lipidmolecular species in biologicalmembranes,
this will mean that one or more of these molecular species will be
below its transition temperature. As soon as this phenomenon
becomes signiﬁcant, phase separation of the affected lipids can take
place [29]. To avoid this happening, aDT sensor should initiate pro-
cesses leading to a disordering of the membrane lipid phase. The
existence of a DT sensor has been proven via modiﬁcation of the
membrane’s physical state by surfacemembrane-selective catalytic
lipid hydrogenation in Synechocystis PCC 6803 under isothermal
conditions [30]. Saturationof a small pool of plasmamembrane fatty
acids in live Synechocystis cells stimulated the transcription of the
cold-responsiveD12 desaturase desA gene in the sameway as chill-
ing. This indicates that cold perception is mediated through a DT
sensor by monitoring the changes in membrane ﬂuidity. Indeed, a
membrane-associated histidine kinase (Hik33) was identiﬁed in
the perception of low temperature stress [31].
4.2. Need for relative heat sensors
For heat stress, the deleterious damages, i.e. leakage of the plas-
ma membrane or severe protein denaturation, occur only at rela-
tively high temperatures. The absolute T sensors may easily
detect such danger and initiate an adaptive coping mechanism. It
is evident, however, that the heat-induced membrane ‘‘hyperﬂuid-
ity’’ disturbs the function of several membrane-related proteins
upon milder heat insults, too. A readjustment of the membrane
physical state with the consequent preservation of membrane
activities is therefore urgently required. But how can milder eleva-
tions in temperature be sensed? Cells contain only ‘‘desaturases’’
that act in response to cold but not ‘‘saturases’’ which might pre-
dictably be favoured by heat stress. As an example, in plants the
time required for the fatty acid composition to be adjusted to
high-temperature growth conditions is long, it can be measured
in days (see e.g. [32]). In order to assure proper membrane func-
tioning in the intervening period, a speciﬁc subset of Hsps associ-
ates transiently with membranes in different organisms. This
process may have dual functions: (i) to assist the folding of both
soluble and membrane-associated proteins, and (ii) to rigidify
and, therefore, stabilize lipid membranes during heat stress. The
role of Hsps in membrane quality control and several other conse-
quences of their membrane association were extensively reviewed
in [7]. For example, it was demonstrated for certain small Hsps,
that they differentially interact with membrane lipids and the
interaction inﬂuences the physical state, bilayer stability and
integrity of membranes [7,33]. The heat-induced membrane asso-
ciation of a chaperonin (GroEL), which acts as a membrane stabi-
lizer and concomitantly preserves folding capability in the
membrane-attached state, was found to be necessary for thermo-
adaptation of thylakoid function in Synechocystis [34].
4.3. Relative DT membrane sensors of heat from yeast to mammals
The tools for studying heat perception by DTmembrane sensors
are analogous to that of cold. Thermal adaptation to various
growth temperatures is able to reset the membrane physical state
by determining the temperature point of reference for stress
response. Yeast cells acclimated at 37 C required a 4 C higher
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driven reporter gene compared to cells grown at 25 C [35].
Importantly, the cellular changes associated with acclimation to
elevated temperature also decreased the sensitivity of the stress
response pathway to salt stress. Conversely, remarkably similar
changes occurred in cells that had been acclimated to salt stress,
an identical decrease in the sensitivity of stress response was de-
tected upon induction by either salt or heat.
Alternatively, membrane perturbing chemicals (e.g. alcohols, lo-
cal anaesthetics or unsaturated fatty acid supplementation) can be
administered in order to increase the lipid ﬂuidity under isother-
mal conditions. It was demonstrated in the yeast Saccharomyces
cerevisiae that a series of aliphatic alcohols (from methanol to n-
pentanol) can lower the temperature required for the maximum
induction of a heat shock-inducible promoter by 3 C. The concen-
tration needed to achieve this decreased proportionally as the alco-
hol hydrophobicity increased [36]. In another study it was shown
that the heat and ethanol stress responses exhibited an extensive
similarity and functional overlap [37]. The elevation of membrane
ﬂuidity by means of genetic modiﬁcation of membrane lipid unsat-
uration also resulted in the reset of the optimal HSR temperature in
yeast [38]. All these ﬁndings support the hypothesis that the mem-
brane plays a role in modulating the cell’s response to an increase
in temperature.
Cyanobacteria are used as model organisms to elucidate both
the plant chloroplast functions and adaptability to environmen-
tal changes. The main factors governing the long-term acclima-
tion in cyanobacteria to ambient temperatures are the changes
in the level of lipid unsaturation and ratio of protein to lipid
in the membrane [34,39], which in turn, cause an alteration in
the membrane’s physical state. Gene expression analysis of four
hs genes (dnaK, groEL, cpn60, and hsp17) in Synechocystis PCC
6803 cells acclimated to 22 C vs. 36 C revealed that heat sens-
ing, similarly to the above-mentioned cold detection, operates by
membrane-controlled perception of temperature shift (DT). The
threshold temperature for the maximal activation was 44 C in
36 C-grown samples whereas this value downshifted to 38–
40 C in 22 C-grown cells. Moreover, unlike dnaK, groEL, and
cpn60, the hsp17 gene was transcribed exclusively at 44 C and
above in samples of 36 C-grown cells. The activation of the
DT membrane sensor under isothermal condition was achieved
by reducing the membrane molecular order of 36 C-grown cells
via benzyl alcohol administration. The resulting membrane ﬂuid-
ization dramatically lowered the threshold temperature of hs
gene activation. The membrane perturbation increased the
Hsp17 either at its mRNA or protein level throughout the whole
temperature range tested.
Interestingly, the amount of Hsps that were induced in the moss
Physcomitrella patens by a HS did not depend only on the inducing
temperature, but also on the basal growth temperature [40,41].
When moss which had been pre-acclimated at 22 C was treated
at 34 C for 1 h, it showed a fourfold higher HSR compared to moss
pre-acclimated at 30 C. This correlated with a massive increase in
the membrane lipid saturation at 30 C as compared to 22 C. Fur-
thermore, the exposure of moss cells to compounds that increase
membrane ﬂuidity led to a signiﬁcant activation of Hsps at non-
inducing temperatures [40,42]. Membrane ﬂuidizers like benzyl
alcohol induced a major (albeit transient) elevation of cytosolic
Ca2+, activated hsp promoters and improved P. patens thermotoler-
ance [40,41]. Exposure to benzyl alcohol also evoked the opening
of a non-selective Ca2+ channel in excised plasma membrane
patches, which was very similar in conductance and ion selectivity
to the heat-activated channel. Moreover, benzyl alcohol-mediated
HSR was strictly dependent on extracellular Ca2+ and addition of
Ca2+ chelators abolished the benzyl alcohol-mediated thermotoler-
ance [40].As far as back to 1992, Dietz and Somero, by studying two extre-
mely eurythermal goby ﬁshes, provided the ﬁrst example of sea-
sonal changes in the temperature at which enhanced synthesis of
certain Hsps was induced [43]. The most explicit example for pure
DT membrane sensor in ﬁsh was found in rainbow trout accli-
mated to 5 or 19 C. Isolated leukocytes expressed elevated levels
of hsp70 mRNA when heat-shocked at 5 C above their respective
acclimation temperature [44]. Supplementation with exogenous
docosahexaenoic or arachidonoic acid (AA) followed by HS en-
hanced the levels of hsp70 mRNA.
Another example for the HS threshold alteration due to the
acclimation was found for the HSR in testis [45,46]. A unique fea-
ture of the male gonads of many species is their location outside
the main body cavity, so that testis cells have a signiﬁcantly lower
growth temperature relative to cells of other tissues. In mouse it
was demonstrated that HSF1 DNA-binding is induced at signiﬁ-
cantly lower temperatures in a preparation of mixed male germ
cell types relative to other mouse cell types [45]. This result sug-
gested the possibility that the growth temperature experienced
by a particular cell type in vivo plays a primary role in determining
the HSF1 activation temperature in that cell type. Interestingly, the
phenomenon of reduced HSF1 activation temperature in testis is a
property unique to male germ cell types within this tissue, as it is
exhibited by pachytene spermatocytes but not by somatic testis
cell types [46].
The ﬁrst evidence for a direct correlation between the mem-
brane ﬂuidization and the Hsp response for mammalian cells were
provided by our lab. We compared cellular responses elicited by
heat- and chemically-induced membrane disordering in K652 cells
[47]. The structurally different chemical membrane ﬂuidizers, ben-
zyl alcohol and heptanol, were applied at concentrations that cor-
responded to the membrane ﬂuidity increase seen during a
thermal shift to 42 C. The formation of isoﬂuid membrane states
in response to the chemical agents resulted in an increase in the
expression of Hsp70 at the physiological temperature thereby sig-
nifying identical membrane ﬂuidity-controlled DT downshifts in
the temperature threshold of the HSR. Very importantly, we ob-
tained evidence that the activation of Hsp expression by mem-
brane ﬂuidizers was not induced by a protein unfolding signal.
The validity of the membrane sensor hypothesis was extended to
B16(F10) mouse melanoma cells [48]. From these experiments
we concluded that a subset of hsp genes was upregulated as a re-
sult of benzyl alcohol or HS in a stimulus-speciﬁc manner.
4.4. Sensors as protein–lipid assemblies
As was mentioned above, different functionally relevant non-
denaturing conformational changes, ‘‘structural transitions’’ play
essential roles in the primary conversion of a physical stimulus
into biologically relevant signal [21]. However, integral membrane
proteins operate in an environment determined, in part, by the sur-
rounding lipid bilayer; the composition and physicalstate of the li-
pid bilayer must therefore be such as to support at least close to
optimal functioning for the proteins in the membrane [49]. Mem-
brane proteins themselves have an intrinsic structure-dependent
‘‘ﬂexibility’’ to switch between conformational states separated
by low energy barrier. The exact thermotropic proﬁle is deter-
mined by the protein structure itself, and by the surrounding lipid
phase. These thermosensors may monitor temperature T ± DT de-
ﬁned by the protein transition in ‘‘standard’’ lipid bilayer (T)
shifted by a DT determined by the actual annular lipids. Carefully
analysing the above-mentioned examples, in most cases these
T ± DT mixed type membrane sensors are in operation.
These statements are also valid for non-thermosensory mem-
brane proteins playing a role in regular cellular functions. Their
state transitions and/or partial denaturation temperatures are
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dependent DT, therefore, activation of the stress defence machinery
is required for the maintenance of the proper membrane-related
cellular processes. Moreover, thermosensation can be regarded a
special case of mechanosensation [21]. As an example, many mem-
bers of the thermosensing transient receptor potential vanilloid
(TRPV) subfamily are also known as osmo- and mechanosensors.
The thermoTRPs are characterized by their exceptionally high tem-
perature sensitivity. In membranes, TRP channels assemble into
tetramers of identical subunits [50]. However, how these channels
respond to heat and membrane order is still unclear.
Importantly, certain enzymes (e.g. phospholipases) may associ-
ate transiently with the lipid phase and perceive the local compo-
sitional or thermotropic alterations in the bilayer structure
(DT-type sensing). The membrane-controlled activity of these
proteins are well documented (see e.g. in [6]). However, the recent
advances in understanding the signiﬁcance of microdomain orga-
nisation (including several types of rafts and ﬂuid domains) in cel-
lular signalling made it clear, that the simple term ‘‘membrane
ﬂuidity’’ is not sufﬁcient for the description of the temperature
dependence in sensing and signalling events of the stress response.
4.5. Membrane quality sensors
Heat- or membrane stress-induced mitochondrial hyperpolar-
ization [47] or depolarisation [51] is a likely cause of subsequent
reactive oxygen species (ROS) production [52]. One of the best de-
scribed effects of oxidative stress-generated ROS on cells is the oxi-
dation of membrane lipids. The susceptibility of lipids for oxidation
is determined by the lipid class composition, degree of unsatura-
tion, microdomain organisation and physical state of membranes
[53]. Oxidative modiﬁcation of lipid bilayers may modify mem-
brane ﬂuidity, protein structure and cell signalling via altering bio-
physical properties of cellular membranes. Membrane
disorganization of the plasma-, mitochondrial- and other mem-
branes inﬂuences the conformation and function of membrane-
associated proteins and also exposes functionally-important
oxidized fatty acyl chains for recognition by their receptors [54].
The repair mechanism includes the selective cleavage of the per-
oxidised fatty acid residues via the action of phospholipase A2
(PLA2) and their subseqent replacement by native fatty acids
[55]. The central role of membrane lipids in the oxidative aspect
of HSR and the related signalling events will be discussed later.
Another important aspect of membrane quality control is the
proper ratio of the main structural lipids phosphatidylcholine
(PC) to phosphatidylethanolamine (PE). The PC/PE equilibrium/dis-
equilibrium contributes signiﬁcantly to health or disease. Mem-
brane stress was generated by genetic modiﬁcation of lipid
synthesis enzymes which resulted in dramatic alteration of PC/PE
ratio in yeast cells [56]. The data revealed a broad response with
the most prominent response elements being related to the protein
homeostasis network to regulate protein synthesis, folding, and
quality control. In addition, levels of the membrane stabilizing pro-
tein Hsp12p and curvature inducing protein Rtn2p were both
strongly increased.
The strong functional overlap of heat- and mechanical stress is
conserved from yeast to human. It was demonstrated that the con-
trol of sphingolipid metabolism can also be linked to the restora-
tion of membrane homeostasis [57]. It was proposed that
membrane stress, induced by either mechanical stretching or inhi-
bition of sphingolipid metabolism, causes the redistribution of Slm
proteins between distinct plasma membrane domains. This regu-
lates TORC2 activity initiating a feedback loop which, in turn, leads
to compensatory changes in sphingolipid production and hence
modulates the plasma membrane composition. Shear stress also
strongly induced both HSF1 activation and hsp70 expression inhuman cultured synovial tissue [58] and Hsp60 (no other Hsps
were investigated) in human umbilical vein endothelial cells [59].5. Membrane lipid-controlled signalling of heat stress
The crucial role of sphingolipids in yeasts’ HSR was initiated by
the discovery that yeast responds to high temperature shift with
dramatic changes in sphingolipid metabolism [60]. Heat-induced
de novo sphingolipid synthesis consists of a rapid and transient
2- to 100-fold rise in various sphingoid bases with a subsequent
accumulation of both phyto- and dihydroceramide. In addition,
the hydrolysis of complex sphingolipids may also participate in
stress-initiated ceramide (Cer) formation [14,60,61]. Moreover,
yeast mutants unable to produce excess sphingolipids are hyper-
sensitive to heat [62,63]. It may be that synthesis of sphingoid
bases acts as a general signal for diverse cellular responses to HS
including regulation of growth, transcription, protein degradation,
translation initiation ([64] and references therein) and the accu-
mulation of the known thermoprotectant trehalose [65]. Interest-
ingly, although the transcription of hs genes does not depend
greatly on the production of sphingoid bases due to HS [66], their
elevated levels are necessary for the translation initiation and syn-
thesis of Hsps. The sensing and signalling mechanisms include a
series of events related to the reorganisation of eisosomes
[57,67–69], nanoscale furrow-like invaginations in the plasma
membrane where proteins and lipids segregate [70]. In addition,
the recovery of Hsp synthesis in mutant cells (defective in sphingo-
lipid synthesis and consequently in Hsp production) allowed them
to resist HS even in the absence of sphingolipid synthesis. There-
fore, it was proposed, that the essential function of sphingolipids
in heat protection is coupled to their signalling role in Hsp produc-
tion [71]. Cowart et al. pointed out that sphingolipids mediate
translation initiation by promoting mRNA processing body (p-
body) formation [64].
Recent systematic reviews [8,9] offer in-depth overviews of
membrane-related stress signalling events in plants. Here only
some major points are highlighted. Heat triggers an increase in
the ﬂuidity of the plasma membrane that elicits a transient in-
crease in the cytosolic Ca2+ concentration via cyclic nucleotide
gated Ca2+ permeable channels [72]. This Ca2+ inﬂux regulates
the activation of calmodulin binding kinase in a calmodulin-
dependent manner leading to the phosphorylation of HSFs. The ra-
pid induction of phosphatidylinositol monophosphate kinase after
the onset of HS initiates the accumulation of phosphatidylinositol-
biphosphate (PIP2), which may regulate small G-protein-coupled
signalling or activate ion channels directly. PIP2 can also be hydro-
lyzed by phospholipase C (PLC) togenerate inositol trisphosphate
(IP3), which can be phosphorylated to generate inositol hexaphos-
phate. The latter may act as a messenger and modulate cytosolic
Ca2+ increase. HS also triggers phospholipase D activity, generating
the second messenger phosphatidic acid. Phospholipase D and
phosphatidic acid may be related to the elevation of H2O2 and
NO levels as well as to the rearrangement of the cytoskeleton
(see Refs. [8,9]).
In the last few years the rapid development of imaging technol-
ogies and lipidomics allowed the real-time monitoring of microdo-
mains and the fate of a single reporter molecule together with the
identiﬁcation of individual lipid species participating in mem-
brane-related complex signal networks. By applying such
techniques we were able to provide new evidence for the
membrane-associated stress sensing and signalling mechanisms
in mammalian systems. We observed that the immediate membrane
hyperﬂuidisation is followed by a rapid lipid and membrane struc-
tural remodelling [48,73–76]. Lipidomic ﬁngerprints revealed that
membrane stress achieved by either moderate heat or chemical
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alterations in lipid composition [76]. The loss in polyenes with the
concomitant increase in saturated lipid species was shown to be a
consequence of the activation of phospholipases (mainly PLA2 and
PLC). A PLC–diacylglycerol (DAG) lipase–monoacylglycerol (MAG)
lipase pathway was identiﬁed in B16(F10) cells which contributed
signiﬁcantly to the production of several lipid mediators upon
stress including the potent HS modulator AA. Additionally, the
accumulation of cholesterol (Chol), Cer and saturated phospholipid
species with raft-forming properties was observed upon both heat
and benzyl alcohol treatments [76]. Coupled with the lipid meta-
bolic alterations rapid membrane structural rearrangements were
detected by microscopic investigations.
Direct imaging of nanoscopic long-lived raft-like platforms by
glycosylphosphatidylinositol (GPI) anchor showed that immedi-
ately after exposing cells to temperatures stress, the GPI-labelled
clusters almost completely disappeared [74], and thereafter the
raft integrity spontaneously recovered within a 45-min period at
fever-like temperature [75]. Following HS the redistribution of
Chol-rich plasma membrane domains [48] and an increased pack-
ing density of plasma membrane lipids [73] were reported. These
raft formations can be coupled with a modulation of the activities
of certain hsp genes [48,77].
It was demonstrated that membrane Chol profoundly affects
the targeting of the small GTP-binding protein Rac1 to membranes
[78]. It was also suggested that stress-stimulated, phosphoinosi-
tide 3-kinase (PI3K)-driven conversion of PIP2 to PIP3 activates
Rac1 under mild, non-denaturing HS conditions [3], and Rac1
may be required in the HS-induced Hsp expression [79]. Therefore,
the redistribution of Chol-rich membrane domains may alter the
stress response via Rac1-dependent mechanism. Indeed, a Rac1
inhibitor halved the HS-induced hsp25 expression at fever-like
temperature [75].
Based on the data accumulated in the literature so far, a com-
plex network of interconnected pathways promoting survival via
the induction of HSR can be built up (Fig 1.). Ca2+ is known as a
key player at an upstream position in the HS signalling pathways.
At the cellular level Ca2+ is derived from internal and external
sources. The mechanisms by which the ﬂuidizer alcohols and HS
alter the Ca2+ homeostasis include their action on Na+/Ca2+
exchangers [80], as well as the activations of mechanosensitive
ion channels [3] and/or TRPV1 calcium channel [81].
It was demonstrated in several cell lines that HS induces an
immediate elevation in intracellular Ca2+ ([Ca2+]i) [47,81–83],
which is known to be a prerequisite for the hsp transcription
[84]. Furthermore, inhibition of increases in [Ca2+]i by removal of
external Ca2+, or treatment with an intracellular Ca2+ chelator,
greatly attenuates the Hsp synthesis [48,81,85]. Nevertheless, rais-
ing [Ca2+]i alone is insufﬁcient to activate expression of the hs
genes [86]. However, CaMKII activation, triggered by the increase
in [Ca2+]i, enhances the heat-induced transactivation and phos-
phorylation of HSF1 [87].
The Ca2+ mobilization from different intracellular Ca2+ pools is
intimately connected to the inositol lipid metabolism. The heat-in-
duced initial falls in PIP2 and PIP levels were shown to be due to
the action of PLC enzyme(s) [76,88]. It is known that the different
families of mammalian PLCs can be activated by several stimuli.
During activation, interactions with regulatory proteins (receptor
and non-receptor tyrosine kinases, subunits of heterotrimeric G
proteins or small GTPases from the Ras and Rho family) could
inﬂuence PLC conformation directly or, as suggested by recent
studies, bring PLC molecules within proximity of the membrane
where the local environment could lead to interfacial activation
[89]. It is therefore conceivable that, in response to HS, the raft dis-
ruption-mediated ligand-independent activation of growth factor
receptors [90] or the activation of small GTPases (e.g. Rac1)[91,92] together with membrane lipid environmental changes lead
to the initiation of PLC action. The best documented consequence
of this reaction, and a major cell signalling response, is the gener-
ation of two second messengers: IP3, a common Ca2+-mobilizing
second messenger, and DAG, an activator of several types of effec-
tor proteins including PKC isoforms [89]. The HS-induced inositol
phosphate signals were generated within minutes and their turn-
over was very rapid [88]. The concomitantly fast intracellular
Ca2+ mobilisation [47,93] may serve as an alternative source for
the heat-induced Ca2+ signal. DAG can be further metabolised by
DAG lipase and MAG lipase producing AA [76]. AA together with
lysophospholipids can also be generated by PLA2 enzymes. It has
been shown that exogenous PLA2, which stimulates AA release,
and AA itself both activate the HSR [94,95]. Recently, positive cor-
relations were found between HSR and cellular AA content [77].
Elevations in [Ca2+]i, PKC phosphorylation, or protein–protein
interactions (e.g. calmodulin) can regulate PLA2 activity [96].
Moreover, the generation of cis-unsaturated free fatty acids by
PLA2 is key to the activation of PKC, and may stabilize PKC in an
activated state [97,98]. It has been proposed that AA may serve
to direct Ca2+-sensitive and Ca2+-insensitive PKC isoforms to proper
membrane targets and may act as a feedback modulator of Ca2+
signals [99].
The EGFR signal ﬂows through two interconnected pathways,
the PLC–PKC pathway and the MAPK pathway which interact at
two points. PKC activates MAPK, while MAPK can phosphorylate
and activate cytoplasmic PLA2. After this, the AA produced by cPLA2
acts synergisticallywith DAG to activate PKC [100]. AA can be further
metabolized to eicosanoids, which can act through G protein-
coupled receptors. They can cross cell membranes to act on neigh-
bouring cells or within the cell and they function to stimulate
enzymes such as PKC [96]. Moreover, eicosanoids such as PGA1,
PGA2, PGJ2 and PGE2 are known to be able to induce HSR [101–106].
PIP2 is a substrate of PI3K to produce PIP3, which is another li-
pid with key signalling functions and a major role in the control of
cell survival (e.g. stress response), growth and proliferation. The
components of the PI3K pathway include upstream regulators of
PI3K enzymes (such as EGFR and Ras), PTEN, and several Ser/Thr ki-
nases and transcription factors [107]. Several proteins propagate
different cellular signals following binding to PIP3, and these in-
clude Akt and Rac1 (see above), important players of membrane-
derived stress signal pathways. Further interconnections could be
derived from a study, where inhibition of different pathway ele-
ments (PI3K, IP3-dependent Ca2+ signals or Ca2+-dependent PKC)
all decreased Hsp70 induction [108].
Besides phospholipid-related signalling, sphingolipids and Chol
(of membrane rafts) are also involved in HSR second messenger
generation. Membrane stress caused by heat or chemical mem-
brane ﬂuidisation up-regulated the total cellular Cer levels
[76,109]. A direct link between heat-induced Cer production and
speciﬁc stress protein induction was reported on NIH WT-3T3 cells
[110]. Application of exogenous C2 (acetyl)-Cer or increased
endogenous intracellular Cer was found to induce a sHsp aB-crys-
tallin, but not the structurally-similar Hsp25. Cer, which has the
unique property of fusing membranes, appears to drive the coales-
cence of raft microdomains to form large, Cer-enriched membrane
platforms, which exclude Chol [111,112]. In other words, elevated
Cer level rapidly displaces Chol from membrane/lipid ‘‘Chol-raft’’
and forms ‘‘Cer-raft’’ [113]. It was hypothesised that extracellular
stimuli employ Cer-enriched platforms to achieve a critical density
of receptors and other signalling molecules that are required for
biochemical transfer of the stress signals across the plasma
membrane.
Another sphingolipid metabolite sphingosylphosphoryl choline
(but not sphingosine-1-phosphate, S1P) activated Hsp27 via the
p38 MAPK pathway in isolated rat cerebral arteries [114]. In
1976 G. Balogh et al. / FEBS Letters 587 (2013) 1970–1980contrast, in osteoblast-like MC3T3-E1 cells and aortic smooth mus-
cle A10 cells S1P stimulated the induction of Hsp27 via p38 MAPK
and PI3K/Akt pathways [115–117]. In addition, during HS Chol can
be rapidly converted to cholesteryl glucoside [118]. Exogenous
cholesteryl glucoside rapidly activated HSF1 and induced the syn-
thesis of Hsp70 in ﬁbroblast cells [119].
6. Membranes in mild, fever-like heat stress
Mild, fever-type and usually beneﬁcial temperature elevation is
often a long-lasting condition that permits the cells to readjust the
homeostatic equilibrium [10].
It is important to note again that the HSR can be activated under
mild physiological conditions that are unlikely to cause any protein
denaturation in the cell [4,41,42,120]. Fever appears to be an evo-
lutionarily conserved response to bacterial or viral infection, which
implies that it may have survival beneﬁts [121]. During inﬂamma-
tion leukocytes and macrophages utilize the toxic nature of free
radical intermediates, derived from oxygen and nitrogen, to control
microbial pathogens as part of the innate immune response [122].
Protection against these reactive radicals is important for defence
of normal tissues in an inﬂammatory environment [123], where
these radicals are considered as coinducers of HSR. The fever-
and free radical-induced Hsps are signiﬁcant contributors to this
defence mechanism.
It is well established that phospholipase activation plays a cen-
tral role both in HSR (discussed above) and inﬂammation. Since
Milton and Wendlandt discovered the pyrogenic activity of prosta-
glandins of the E series [124], and Vane found that non-steroidal
anti-inﬂammatory drugs block fever by inhibiting prostaglandin
synthesis [125], it has been accepted that fever is mediated by cer-
tain prostaglandins [126–128] which are synthesized from AA re-
leased by PLA2 from membrane phospholipids. Moreover, a
plethora of data is available in the literature that mammalian
MAPK signal transduction pathways are activated in a mem-
brane-dependent manner by both HS (see above) and inﬂamma-
tion (reviewed in detail in [129]). Thus, the perception and signal
propagation in HSR share certain common elements with inﬂam-
mation coupled to the functional changes at cellular membranes.
It is conceivable that HS sensor(s) evolved in parallel to the fever
response in vertebrates by detecting the elevation of temperature
via membrane thermometers without any recognisable damage
to the main cellular functions, thereby supplying the evolutionary
basis for the membrane sensor theory.
7. From severe to deleterious heat stress – lipid signals of life
and death
The severity of HS is a function of time and temperature (Fig. 2).
Mammalian cells can tolerate approximately 3 C elevation of tem-
perature for days, but a short exposure to a 10 C temperature shift
can be deleterious. In the intermediate region (42 and 45 C for 2 h
and 10 min, respectively) all the sensors may operate simulta-
neously and the signal orchestra plays together. The Ca2+ rise is
higher, more lipid mediators accumulate, the mitochondrial hyper-
polarisation/depolarization disturbs the electron transport as well
as the oxidative phosphorylation and, consequently, the alteration
in the redox status and free radical generation contribute to the
oxidative signal elements of severe heat. For example, 4-hydroxy-
nonenal, a highly reactive end-product of lipid peroxidation, acts as
an Hsp inducer [130]. Furthermore, formation of misfolded/dena-
tured proteins in the cytoplasm also participates in the induction
of stress response upon severe heat exposure (Fig. 2).
One of the paradoxes concerning certain lipid mediators and
Ca2+ is that these are signals for both life and death. Althoughelevations in these mediator levels are necessary to act as survival
signals, prolonged increases in the concentration of Ca2+, free fatty
acids or Cer can be lethal [131–133]. In deleterious HS the levels of
two interconvertible lipids, Cer and S1P become unbalanced and
the excess Cer can initiate apoptosis [134]. During life-threatening
HS the membrane-conducted orchestra play ‘‘fortissimo’’, the ex-
cess heat-, Ca2+-, and signal lipid-induced perturbation of the mito-
chondrial membrane leads to intense superoxide generation,
opening the mitochondrial membrane permeability transition
pores [135] and oxidation of cardiolipin by cytochrome c
[136,137]. Besides these central mitochondrial components of pro-
grammed cell death, the oxidation of phosphatidylserine promotes
the externalization of unoxidized phosphatidylserine, an early
event in apoptosis involved in phagocyte recognition [54,138]. Be-
sides initiating apoptotic pathways, HS is also able to induce auto-
phagic pathways executing coordinately the programmed cell
death [139].
8. Sequence of events in HSR
The sequence of events occurring in the cell duringand after
heat exposure is the function of the severity of the stress (Fig. 2).
Considering a 1 h-long HS for mammalian cells, the mild, severe
and deleterious temperatures are usually in the range of
39.5 ± 1 C, 42.5 ± 1 C and 45 ± 1 C, respectively. However, differ-
ent cell lines together with the variations in culture conditions may
show signiﬁcant deviation from these approximate values. In gen-
eral, a temperature increase immediately triggers a rapid [Ca2+]i-
rise and a slower accumulation of signal lipids, e.g. free fatty acids
and Cer. Subsequently, a transient synthesis of different hsp
mRNAs occurs. Upon mild heat exposure, the translational arrest
is only partial, both the housekeeping proteins and Hsps are syn-
thesized. However, during and after severe HS, the translational
inhibition persists for hours. After that Hsps are translated ﬁrst
and exclusively, nevertheless by that time the corresponding hsp
mRNA levels are returned to the basal values. Under deleterious
stress conditions the defence mechanism elements reach the upper
limit of their power, denatured proteins accumulate, but the Hsp
synthesis does not start and ﬁnally apoptosis and autophagy path-
ways are triggerred to induce cell death. It should be emphasized
that levels of [Ca2+]i, hsp mRNA, signal lipids and denatured pro-
teins as well as the synthetic activity of Hsps and non-Hsp proteins
displayed in Fig. 2 may differ with orders of magnitudes according
to the severity of stress, i.e. the more harmful the stress insults are,
the higher the intensities/activities of stress signals will be. Above
the deleterious temperatures the cell has practically no chance to
survive, the apoptotic apparatus is not capable of performing the
cell death program and necrotic cell death occurs.
It is likely that previous new ﬁndings in yeast about the role of
sphingolipid metabolism in protein translation control of HSR, may
set the course of future research in mammalian systems as well.
9. Pharmacological and nutritional modulation of membrane-
controlled sensing and signalling
Membrane alterations, signal pathways from membranes to hsp
genes and Hsps themselves play fundamental roles in the aetiology
of several human diseases, such as cancer or type 2 diabetes [6].
For therapeutical purposes the membrane lipid structure can be di-
rectly modiﬁed by a membrane-intercalating drug or by pharma-
cological modulation of enzymes involved in the metabolism of
membrane lipids [5,6,11–13,75,77,140–144].
On the other hand, the signalling network of the mammalian
systems is largely interconnected. All classes of signalling compo-
nents of the pathways (such as ligands, receptors, mediators,
Fig. 2. Schematic representation of the sequence of events during and after 1 h heat shock (a frequently used experimental condition) in mammalian cells. The mild, severe
and deleterious temperatures are usually in the range of 39.5 ± 1 C, 42.5 ± 1 C and 45 ± 1 C, respectively. The levels of [Ca2+]i, hsp mRNA, signal lipids and denatured
proteins as well as the synthetic activity of Hsps and non-Hsp proteins are displayed.
G. Balogh et al. / FEBS Letters 587 (2013) 1970–1980 1977cofactors, and transcription factors) were found to interact with all
of the other pathways studied in humans [145]. In HS, the numer-
ous sensors at the top of the pathways are interconnected by the
parameters of the membrane chemical and physical state. In order
to identify the sensors and signal pathways of HSR, it seems hope-
less to target only a unique element of the pathway. Several paral-
lel signal transduction routes should be inhibited simultaneously
in a combinatorial way for the proper characterisation of their
involvement in HS signal perception and propagation. Moreover,
the identiﬁcation of allosteric pathways [146] may facilitate the
design of allo-network-type drugs which can act on different
(multi)targets of stress pathways allowing the ﬁne modulation
and restoration of disease-related malfunctions with negligible
side effects.
Membranes are the typical examples for allo-network interac-
tions since lipids are in the network neighbourhood of the
pharmaceutical target proteins. Targeting the lipid phase by
‘‘membrane-lipid therapy’’ [6,13,140] may modulate several
sensory and signalling protein–lipid assemblies. Repair of the
membrane status is able to cure the membrane-lipid-regulated
pathological signal transduction. The reestablishment of the stress
sensing consequently ends up in the restoration of stress protein
system. In disease states (under stressful conditions) the chaper-
ones are integrators of both protein–protein interactions and
membrane organelle networks thus providing further beneﬁcial
allo-network-type effects on the damaged signal pathways.Acknowledgements
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